Introduction {#Sec1}
============

Pneumonia is a debilitating disease that can result in death in elderly individuals^[@CR1]^ and has been reported to be related to oral health^[@CR2]^. The oral cavity is a complex environment for multiple microorganisms and cytokines^[@CR3]^. In particular, aspiration of microorganisms and biological mediators such as cytokines and hydrolytic enzymes from the oral cavity can provoke inflammation and cause infections^[@CR4],[@CR5]^. The association between pneumonia and oral health has been examined in nursing homes, and the incidence of pneumonia has been reported to be lower in elderly populations receiving oral care^[@CR6]^. Besides, several studies have suggested that hospitalized intensive care unit (ICU) patients appear to benefit from daily oral cleansing^[@CR7],[@CR8]^.

Oral hygiene can be improved through individual-based interventions^[@CR9]^. Daily personal oral hygiene behaviors such as tooth brushing are fundamental in the prevention of periodontal disease and bacterial plaque, which can respectively lead to tooth loss and dental caries^[@CR10],[@CR11]^. In addition, professional dental cleaning has been proven to reduce periodontal disease, dental caries, and tooth loss^[@CR12]^. Dentists recommend tooth brushing at least twice daily as well as regular dental visits for professional dental cleaning^[@CR13]^.

While the link between pneumonia and oral health has been gaining increased attention, studies evaluating the relationship between overall oral health and pneumonia in the general population have been limited. The purpose of this study was to investigate the association between oral health and pneumonia using a nationwide population-based Korean cohort from the National Health Insurance Service-Health Screening (NHIS-HealS) database.

Methods {#Sec2}
=======

Data source {#Sec3}
-----------

This study used the NHIS-HealS database^[@CR14]^. The NHIS database is registered with 97% of all Koreans and includes all insurance claims data. We analyzed the cohort data, which was extracted from a random sampling of approximately 10% of the 5 million people (age ≥40 years) who underwent health screening in 2002 or 2003. Information about demographic data (age, sex, and socioeconomics), clinical data (medical service use, disease diagnosis, and treatment), and health screening data (physical examination, laboratory tests, and questionnaires on lifestyle and medical histories) is included in the NHIS database accessible to researchers. Registrants in the NHIS database are recommended to receive a standardized health screening at least every 2 years. A detailed description of the data can be found on the relevant website^[@CR14],[@CR15]^.

Study population {#Sec4}
----------------

The first two years (2002--2003) were considered as a washout period. Among the 514,866 people in the NHIS-HealS database, the participants included in this study were limited to those who underwent health screening with oral examinations in 2004 or 2005. We excluded participants with a pneumonia diagnosis before the day of health screening. Participants with one or more missing values were excluded. Finally, 122,251 participants were included in our study (Fig. [1](#Fig1){ref-type="fig"}).Figure 1Flow of study participants.

Oral health status and oral hygiene behaviors {#Sec5}
---------------------------------------------

The oral health screening program was provided to all registrants. The program was composed of oral examinations conducted by professional dentists and self-reported questionnaires. Registrants were inspected by dentists for periodontal status and for the number of decayed and missing teeth. In this study, periodontal disease was categorized as either absent or present. The number of dental caries and missing teeth was categorized as 0, 1--4, and ≥5. Oral health questionnaires included dental visits, dental symptoms, and oral hygiene behaviors. Based on the questionnaires, gum bleeding was classified as absent or present. The number of tooth brushing sessions per day was classified as 0--1, 2, and ≥3. Professional dental cleaning was classified as \<1 or ≥1 time per year.

Outcomes {#Sec6}
--------

The main study outcome was the incidence of pneumonia^[@CR16],[@CR17]^. We used 3 definitions for pneumonia (Supplementary Fig. [S1](#MOESM1){ref-type="media"}). The first definition of pneumonia (Def. 1) was defined based on the 10^th^ revision of the International Statistical Classification of Diseases and Related Health Problems (ICD-10) codes for pneumonia (J10-J18) with any prescription of antibiotics (J01). In addition to Def. 1, the second definition of pneumonia (Def. 2) includes hospitalization for 2 days or more, and the third definition of pneumonia (Def. 3) includes hospitalization for 7 days or more. The study participants were followed up on from the day of health screening at index year to the day of incidence of pneumonia, the day of death, or December 31, 2015, whichever came first (Supplementary Fig. [S2](#MOESM1){ref-type="media"}).

Covariates {#Sec7}
----------

Age, sex, body mass index (BMI), hypertension, diabetes, dyslipidemia, Charlson comorbidity index (CCI) category, smoking, drinking, exercise, income, periodontal disease, dental caries, missing teeth, gum bleeding, tooth brushing, and professional dental cleaning were considered as covariates. BMI was calculated by dividing body weight (kg) by the square of the height in meters (m^2^). Hypertension, diabetes mellitus, and dyslipidemia were defined using criteria from previous studies^[@CR18]--[@CR20]^. The presence of hypertension was defined according to the following criteria: (1) ICD-10 codes for hypertension (I10, I11) with at least one claim per year for prescription of an antihypertensive drug, or (2) systolic blood pressure ≥ 140 mmHg or diastolic blood pressure ≥90 mmHg. The presence of diabetes was defined according to the following criteria: (1) ICD-10 codes for diabetes (E10-E14) with at least one claim per year for the prescription of an anti-diabetic drug, or (2) fasting glucose level ≥ 126 mg/dL. The presence of dyslipidemia was defined per the following criteria: (1) ICD-10 codes (E78) for dyslipidemia with at least one claim per year for prescription of lipid-lowering agents or (2) total cholesterol level ≥240 mg/dL. The CCI was calculated based on preexisting diseases, including myocardial infarction, congestive heart failure, peripheral vascular disease, cerebrovascular disease, dementia, chronic pulmonary disease, connective tissue disease, peptic ulcer, mild liver disease, diabetes with and without complications, paraplegia or hemiplegia, renal disease, any or metastatic cancer, moderate or severe liver disease, and acquired immune deficiency syndrome before the start of the follow-up period^[@CR21],[@CR22]^. Information on smoking status, drinking status, and exercise status was obtained using questionnaires. For smoking status, participants were classified as non-smokers, ex-smokers, or smokers. To identify drinking status, participants were categorized into non-drinking or drinking groups. Regular exercise was defined as at least five exercise sessions per week. Income was divided into two groups based on the tenth percentile in the income distribution.

Statistical analysis {#Sec8}
--------------------

Baseline characteristics were presented as mean with standard deviation for continuous variables except age and as number with percentage (%) for categorical variables. Ages were presented as medians with interquartile ranges. The incidence rate of pneumonia was calculated by dividing the number of pneumonia cases by the total follow-up duration (person-years). The graphs for the incidence rate of pneumonia according to the oral health and oral hygiene behaviors were calculated using Kaplan-Meier curves and evaluated by the log-rank test and Gray's test for competing risk^[@CR23]^. The hazard ratio (HR) and 95% confidence interval (CI) for the incidence of pneumonia were evaluated using the Cox proportional hazards model. The proportional hazard assumption was evaluated by the Schoenfeld residuals test with the logarithm of cumulative hazards function based on Kaplan-Meier estimates. There was no interference with the assumption of proportional hazard risk over time. The multivariable-adjusted cox proportional hazard models were adjusted for age, sex, BMI, hypertension, diabetes, dyslipidemia, CCI category, smoking, drinking, exercise, income, periodontal disease, dental caries, missing teeth, gum bleeding, tooth brushing, and professional dental cleaning. Besdies, the Fine and Gray model for competing risk with death was applied to evaluate the HR and 95% CI for incidence of pneumonia^[@CR23]^. Subgroup analyses according to age and comorbidities were performed. In the subgroup analysis, ages were divided into under and over 60 years categories. The presence of comorbidities was defined as the case where CCI was not 0. Statistical analyses were performed using SAS version 9.4 (SAS Institute Inc., Cary, NC, USA) and all figures were produced using R 3.6.0 (<https://www.r-project.org/>). A two-sided p-value \< 0.05 was considered statistically significant.

Ethical consideration {#Sec9}
---------------------

This study was approved by the Institutional Review Board of the Dong-A University Hospital (DAUHIRB-EXP-20-006), which waived the requirement for informed consent in regard to the anonymized data analyzed retrospectively.

Results {#Sec10}
=======

Baseline characteristics {#Sec11}
------------------------

The study population with Def. 3 comprised 122,551 healthy participants with no history of pneumonia (Table [1](#Tab1){ref-type="table"}). The mean age of participants was 52.4 years and 64.0% were male. The mean systolic blood pressure and fasting glucose were 125.5 mmHg and 96.7 mg/dL, respectively. 49.6% of participants had periodontal disease. 2.7% and 6.0% of participants had five or more dental caries and missing teeth, respectively. According to the self-reported questionnaires, 45.0% of participants brushed their teeth three times or more per day, and 26.0% replied having professional dental cleaning at least once per year. Supplementary Tables [S1](#MOESM1){ref-type="media"}--[S2](#MOESM1){ref-type="media"} show the baseline characteristics of the study participants according to the definition of pneumonia. Supplementary Tables [S3](#MOESM1){ref-type="media"}--[S7](#MOESM1){ref-type="media"} compare the baseline characteristics of participants according to oral health status and oral hygiene behaviors in Def. 3 of pneumonia.Table 1Baseline characteristics of study participants (with Def. 3).CharacteristicsTotal (n = 122,551)Age (years)50 (46--57)Sex (male %)78,390 (64.0%)Body mass index (kg/m^2^)23.9 ± 2.8Systolic blood pressure (mmHg)125.5 ± 16.4Diastolic blood pressure (mmHg)78.8 ± 10.8Fasting glucose (mg/dL)96.7 ± 26.2Total cholesterol (mg/dL)197.2 ± 35.9Hypertension62,641 (51.1%)Diabetes14,573 (11.9%)Dyslipidemia29,193 (23.8%)Charlson comorbidity index category   081,851 (66.8%)   128,076 (22.9%)   28,474 (6.9%)   ≥34,150 (3.4%)Current smoker29,107 (23.8%)Alcohol consumption59,018 (48.2%)Regular exercise12,329 (10.1%)Income (lower 10%)30,869 (25.2%)Periodontal disease60,774 (49.6%)Number of dental caries   0100,395 (81.9%)   1--418,814 (15.4%)   ≥53,342 (2.7%)Number of missing teeth   093,657 (76.4%)   1--421,589 (17.6%)   ≥57,305 (6.0%)Gum bleeding98,803 (74.0%)Tooth brush (time/day)   0--116,768 (13.7%)   250,646 (41.3%)   ≥355,137 (45.0%)Professional dental cleaning ≥ 1/year31,903 (26.0%)Data except ages are expressed as mean ± SD or n (%). Ages are expressed as medians with interquartile ranges.

Oral health and risk of pneumonia {#Sec12}
---------------------------------

A total of 4,681 pneumonia cases per Def. 3 (3.8%) were identified over a median follow-up period of 10.6 ± 1.1 years. Figure [2](#Fig2){ref-type="fig"} shows the incidence rate of pneumonia according to oral health status and oral hygiene behaviors. The risk of pneumonia was higher in groups with a higher number of dental caries and missing teeth. In contrast, the risk of pneumonia was lower in the frequent tooth brushing group and the regular professional dental cleaning group. There was no significant difference in the risk of pneumonia between groups with and without periodontal disease (p = 0.1904). The number of dental caries and missing teeth, and the frequency of tooth brushing and professional dental cleaning, were associated with the incidence of pneumonia according to multivariable-adjusted Cox proportional hazard models with Def. 3 (Table [2](#Tab2){ref-type="table"}). The risk of pneumonia was significantly higher in the group with a higher number of dental caries (adjusted HR 1.265, 95% CI: 1.086--1.473; p = 0.0025) and the group with more missing teeth (adjusted HR 1.218, 95% CI: 1.113--1.332; p \< 0.0001). The risk of pneumonia decreased significantly in the frequent tooth brushing group (adjusted HR 0.853,; 95% CI, 0.786--0.926; p = 0.0001) and in the regular professional dental cleaning group (adjusted HR 0.920,; 95% CI, −0.855--0.990; p = 0.0255). In addition, most of the results using the Fine and Gray model for competing risk were consistent with our main finding (Supplementary Table [S8](#MOESM1){ref-type="media"}).Figure 2Kaplan-Meier curves for the incidence of pneumonia associated with oral health status and oral hygiene behaviors. (**A**) Number of dental caries, (**B**) number of missing teeth, (**C**) frequency of tooth brushing, and (**D**) frequency of professional dental cleaning. p-value for the log-rank test.Table 2Hazard ratio and 95% confidence interval for incidence of pneumonia (Def. 3) according to oral health status and oral hygiene behaviors (n = 122,551).Events (n)Follow-up duration (person-years)Incidence rate (per 1,000 person-years)HR (95% CI)Unadjustedp-valueAdjusted\*p-value**Periodontal disease**Absent2,403646300.03.711Present2,278636424.53.60.962 (0.909, 1.019)0.19060.945 (0.891, 1.003)0.0607**Number of dental caries**03,7781051655.03.6111--4723196446.23.71.025 (0.947, 1.110)0.54331.043 (0.961, 1.131)0.3141≥518034623.15.21.448 (1.247, 1.682)\<0.00011.265 (1.086, 1.473)0.0025**Number of missing teeth**03,145984681.73.2111--4914224793.04.11.276 (1.186, 1.374)\<0.00011.100 (1.021, 1.186)0.0126≥562273249.748.52.682 (2.461, 2.923)\<0.00011.218 (1.113, 1.332)\<0.0001**Number of tooth brush (times/day)**0--1966172128.95.61122,091527852.44.00.704 (0.652, 0.760)\<0.00010.896 (0.829, 0.967)0.0050≥31,624582743.22.80.494 (0.456, 0.535)\<0.00010.853 (0.786, 0.926)0.0001**Professional dental cleaning**\<1/year3,740337251.211.111≥1/year941945473.21.00.703 (0.655, 0.756)\<0.00010.920 (0.855, 0.990)0.0255Values adjusted for age, sex, body mass index, hypertension, diabetes, dyslipidemia, Charlson comorbidity index category, smoking, drinking, exercise, income, periodontal disease, dental caries, missing teeth, gum bleeding, tooth brush, and professional dental cleaning.

Comparison of hazard ratios and 95% confidence intervals between definitions of pneumonia {#Sec13}
-----------------------------------------------------------------------------------------

Figure [3](#Fig3){ref-type="fig"} shows the HR and 95% CI for the incidence of pneumonia according to oral health status and oral hygiene behaviors, with different definitions of pneumonia (Def. 1-Def. 3). With Def. 2 and Def. 3, it showed a prominent and significantly adjusted HR and 95% CI compared to Def. 1. The adjusted HR and 95% CI for the incidence of pneumonia with other definitions according to oral health status and oral hygiene behaviors are shown in Supplementary Tables [S9](#MOESM1){ref-type="media"}--[S11](#MOESM1){ref-type="media"}.Figure 3Hazard ratio and 95% confidence interval for incidence of pneumonia according to oral health status and oral hygiene behaviors with different definitions of pneumonia. HR, hazard ratio; CI, confidence interval.

Subgroup analysis according to age and comorbidities {#Sec14}
----------------------------------------------------

Figure [4](#Fig4){ref-type="fig"} shows the subgroup analysis for Def. 3 according to age and comorbidities. Regardless of age, the number of dental caries and missing teeth were associated with an increased incidence of pneumonia. In the frequent tooth brushing group under 60 years and the regular professional dental cleaning group over 60 years, the risk of pneumonia significantly decreased. Regardless of the underlying disease, the number of missing teeth and the frequency of tooth brushing were associated with the incidence rate of pneumonia.Figure 4Hazard ratio and 95% confidence interval for incidence of pneumonia in subgroup analysis according to oral health status and oral hygiene behaviors. HR, hazard ratio; CI, confidence interval.

Discussion {#Sec15}
==========

This study analyzed data from a nationwide population-based Korean cohort from the NHIS-HealS database with a long-term follow-up period, and described the relationship between oral health and the incidence of pneumonia. Oral health status and oral hygiene behaviors were associated with the incidence of pneumonia in the general population. We found that an increased number of dental caries and missing teeth were associated with a higher incidence of pneumonia, and that better oral hygiene care, such as frequent tooth brushing and regular professional dental cleaning, was associated with a lower incidence of pneumonia (Table [2](#Tab2){ref-type="table"}). The HR and 95% CI remained significant after adjustment for covariates including age, sex, BMI, and CCI category. In particular, the link between oral health and pneumonia was more prominent in pneumonia combined with longer hospitalization (Fig. [3](#Fig3){ref-type="fig"}). The adjusted HR and 95% CI for the incidence of pneumonia compared to the number of dental caries and tooth brushing sessions per day with the reference group were significant based on Def. 2. For the number of missing teeth and the presence of professional dental cleaning, the HR and 95% CI were significant for Def. 3. Since length of stay is associated with the pneumonia severity index^[@CR24],[@CR25]^, it could be assumed that oral health is related to the severity of pneumonia.

Several studies have investigated the relationship between oral hygiene and pneumonia. More plaque, the presence of bacteria in saliva, and colonization in the oropharynx appear to be associated with pneumonia in hospitalized and ICU patients^[@CR26],[@CR27]^. Manger *et al*. also reported that pneumonia is associated with dental caries and the presence of oral plaque^[@CR28]^. Suma *et al*. reported that high levels of tooth loss may indicate an increased risk of mortality from pneumonia in the general population^[@CR29]^. In this study, oral health issues such as dental caries and missing teeth remained significant after adjusting for possible covariates. In addition, Nasiriani *et al*. reported that tooth brushing twice daily in ICU patients can reduce the incidence of ventilator-associated pneumonia^[@CR30]^. Our results describe that better oral hygiene management, including tooth brushing and professional dental cleaning, remained significant factors after adjusting for covariates.

One remarkable finding in this study was that the association between periodontal disease and pneumonia was not statistically significant. Indeed, in several studies, the results between these two factors were inconsistent. Some epidemiologic studies found no clear relationship between periodontal hygiene and acute respiratory disease^[@CR31],[@CR32]^. However, some studies have reported the association between periodontal disease and pneumonia^[@CR33]--[@CR35]^, and Yang *et al*. reported that patients with periodontal treatment exhibited a decreased risk of pneumonia^[@CR36]^. In this study, NHIS-HealS data did not include the severity and treatment of periodontal disease; therefore, the two factors could potentially be found to be unrelated. Besides, the diagnosis and classification of periodontal disease is the summation of information from medical and dental histories, combined with the findings of clinical and radiographic examinations^[@CR37]^. Therefore, it is difficult to perform an accurate analysis based simply on information about the presence of periodontal disease obtained only by dental examination, and further research may be necessary.

We performed subgroup analysis, categorized by age and comorbidities in Fig. [4](#Fig4){ref-type="fig"}. Many studies have reported an association between oral health and pneumonia in elderly and ICU patients^[@CR6]--[@CR8]^, but we confirmed regardless of age and comorbidities, oral health status, and oral hygiene behaviors, especially frequent tooth brushing, was significantly related to the incidence of pneumonia. In fact, tooth brushing by critically ill patients has been advocated by several studies^[@CR30],[@CR38]^, but based on these results, it can be emphasized to the general population.

Several mechanisms have been proposed to explain these results. First, there can be biological plausibility for a causal relationship between oral health and pulmonary disease. An increase in cytokines induced by inflammation of periodontal disease, which is associated with multiple tooth loss and dental caries^[@CR39],[@CR40]^, may promote systemic inflammation, including the lung^[@CR41]^. Without effective oral care, initial plaque formation can occur within 48 hours and the clump of oropharyngeal flora, which becomes more colonized by gram-negative pathogens, may be transported to the lung, causing pulmonary infection^[@CR42]^. Second, tooth loss and dental caries are associated with swallowing^[@CR43],[@CR44]^. The loss of processing efficiency for food increases the risk of aspiration into the airways and changes food selection towards decreased consumption of vegetables and fruits^[@CR45],[@CR46]^, causing malnutrition, which is independently associated with pneumonia^[@CR47]^.

Some limitations should be acknowledged in this study. First, there could be inconsistencies in the diagnostic criteria between dental specialties and general practitioners. In this study, the presence of periodontal diseases was not determined by objective measures such as radiographic examination^[@CR37]^. In addition, there was a lack of information regarding the severity and treatment of periodontal disease. Second, the number of tooth brushing sessions per day and professional dental cleaning were evaluated using self-reporting questionnaires. Third, there was a possibility that unadjusted covariates could not be excluded. Participants with better oral status and hygiene may have better lifestyles, which can reduce the risk of pneumonia. Finally, there was a possibility that the state of variables would change, which could not guarantee temporality. Future research is required to overcome these limitations.

In conclusion, the increased number of dental caries and missing teeth was associated with an increased incidence of pneumonia. In contrast, improved oral hygiene care, such as frequent tooth brushing and regular professional dental cleaning, was associated with a reduced incidence of pneumonia.
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